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During the filling of hydrogen tanks high temperatures can be generated inside the vessel
because of the gas compression while during the emptying low temperatures can be
reached because of the gas expansion. The design temperature range goes from 40 C to
85 C. Temperatures outside that range could affect the mechanical properties of the tank
materials. CFD analyses of the filling and emptying processes have been performed in the
HyTransfer project. To assess the accuracy of the CFD model the simulation results have
been compared with new experimental data for different filling and emptying strategies.
The comparison between experiments and simulations is shown for the temperatures of
the gas inside the tank, for the temperatures at the interface between the liner and the
composite material, and for the temperatures on the external surface of the vessel.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Currently compressed hydrogen is the technology selected by
the automotive industry for the on-board storage in hydrogen
powered vehicles like the fuel cell cars, which are already
available on the market. Due to the large pressure increase
during re-fuelling, the gas temperatures inside the tank in-
crease and because of heat transfer also the temperatures of
the vessel materials increase. In the emptying of a tank, both
the gas and material temperatures decrease due to the gas
expansion. In both situations, the temperatures can go beyond
the design temperature range that is between 40 C and
þ85 C [1] and excessively high temperatures or excessively low
temperatures can potentially affect the mechanical behavioura.eu (D. Baraldi).
r Ltd on behalf of Hydrogen En
-nd/4.0/).
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0.1016/j.ijhydene.2016.05.of the tank materials. Gas pre-cooling is used during filling to
keep the temperature of the whole storage system below the
threshold of þ85 C. However gas pre-cooling causes an in-
crease in the capital and operating costs of re-fuelling stations.
The main aim of the on-going HyTransfer project [2] is to
develop and experimentally validate a practical approach for
optimizing temperature control during fast transfers of com-
pressed hydrogen to meet the specified temperature limit (gas
or material), taking into account the system's thermal
behaviour. The HyTransfer project is co-funded by the Fuel
Cells andHydrogen Joint Undertaking. Partners includes LBST,
Air Liquide, CCS Global Group, Raufoss Fuel System, Honda
R&D Europe, the European Commission Joint Research Centre,
Centre National de la Recherche Scientifique (CNRS), and
TesTneT Engineering.ergy Publications LLC. This is an open access article under the CC BY-NC-ND
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i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 02An extensive campaign of experiments and numerical
simulations (both Computational Fluid Dynamics methods
and analytical models) has been carried out to support the
main aim of the project. A crucial step for the application of
numerical modelling is the validation of themodel against the
experimentalmeasurements. Themain objective of this paper
is to describe the CFD benchmark exercises that have been
performed in the project to assess the accuracy of the CFD
model in describing filling and emptying of a 40 L tank (type 3).
In previous CFD analysis by the same groups of researchers
[3e8], only the filling stage was investigated and the main
focus was on the gas temperature history in type 4 tanks. In
this work, both filling and emptying are considered for a type 3
tank and the comparison between experiments and simula-
tions is carried out for the gas temperatures, the temperatures
at the interface between the liner and the composite layer,
and for the temperature on the external surface of the tank,
providing a more complete picture of the capabilities of the
CFD model.
CFD numerical modelling of fast filling of hydrogen tanks has
been performed by several research groups [9e25] while the
emptying processhavenot been yet investigated byCFDanalysis.Experiments
The experiments have been carried out at the JRC Institute for
Energy and Transport (IET) in the compressed hydrogen Gas
tanks Testing Facility (GasTeF), reference laboratory for safety
and performance assessment of high-pressure hydrogen
storage tanks [26,27]. The facility is able to reproduce cycling
tests providing information on long-term mechanical and
thermal behaviour of high-pressure tanks and their safety
performance. The tests consist of a fast filling (with or without
pre-cooled inlet gas), simulating the re-fuelling of the tank at
the service station, followed by an emptying phase, repre-
senting the gas consumption during driving. During a test the
tank is located inside a sleeve that can be heated up from
room temperature to 100 C; the pressure in the tank can be
increased up to ca. 85 MPa. Several parameters are monitored
in order to evaluate the tank performance, such as tank wall
temperature, temperature inside the material, internal gas
temperature at different positions and deformation of the
tank walls as well as the possible leakage or permeation of
hydrogen; more details can be found in Ref. [1].
In the framework of the HyTransfer Project [2] several tests
reproducing the filling and the emptying processes have been
conducted at the GasTeF facility. In particular two filling and
two emptying tests have been also simulated with a CFD code;
tests details are described in Tables 1 and 2.
The selected conditions are representative of some of the






FF_EXP01 20 20 C 20 C
FF_EXP02 20 20 C 0 C for
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minutes) would prevent the thermal issues for the tank ma-
terial but it would not be appreciated by the drivers. An
acceptable time for the users of the re-fuelling station is
considered to be about 3e4 min (e.g. the DoE targets for the
filling time by 2020 is 3.3 mine198 s [28]). Given the tank mass
capacity and a state of charge (SOC) of 100%, assuming a filling
time smaller than 200 s automatically identifies the averaged
mass flow rate of 8 g/s that have been used in both filling
scenarios.
For the emptying, some of the driving patterns that are
expected to generate low temperatures in the tank have been
identified. Given the reported average fuel economy of about
100 km/kg [29], a constant flow mass rate of 0.376 g/s corre-
sponds to the consumption of a vehicle that is driven at high
speed (130 km/h) along a motor-way. Therefore 0.376 g/s was
chosen as mass flow rate for the EM_EXP01 emptying test. For
the other emptying test (EM_EXP03), it was assumed that a
vehicle is driven in condition of high fuel consumption (1.5 g/s
e e.g. driving uphill on a mountain road) consuming half of
the fuel in the cylinder in about 9 min, followed by a relatively
long time of an average driving pattern (0.2 g/s). In both cases,
the experiments and simulations were stopped at the time
when the cylinder is almost empty and the re-fuelling is ex-
pected to be carried out.
In re-fuelling stations gas pre-cooling is used to keep the
final temperature below the 85 C threshold. Different pre-
cooling temperature could be applied (40 C, 20 C, and
0 C). In the FF_EXP01 case, a pre-cooling temperature of
20 C was sufficient for the purpose. Moreover there is the
interest to identify different pre-cooling strategies to decrease
the cooling demand and the related costs [7]. In this context, a
variable pre-cooling temperature was considered for the
FF_EXP02case (0 C for the first 75 s and then 40 C).
The tank tested is a 40 L type 3 which has two metallic
bosses, a metallic liner (i.e. aluminium alloy) and an external
wrapping of carbon fibre re-inforced polymer (CFRP). The
injector is a straight pipe with a constant cross section. A
sketch of the tank with the location of the thermocouples is
represented in Fig. 1: there are thermocouples inside the tank
(TTs in blue), between the liner and the CFRP (TCs in green)
and at the external tank wall (EWTs in red).
In Fig. 2 pressure, temperature measured at the tank inlet
during the filling experiments are reported; in the figure the
nominal inlet gas temperatures are represented with dashed
lines. The red lines represent the test FF_EXP01, while the blue
ones represent the test FF_EXP02.
In Fig. 3 pressure and temperature measured at the tank
outlet during the emptying experiments are reported. The
yellow lines represent the test EM_EXP01, while the green





75 s, then 40 C 8 197
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Table 2 e Emptying tests.
# Initial S.O.C. Initial cylinder and gas temperature Average mass flow rate Emptying time [s]
EM_EXP01 100% 20 C 0.376 g/s ~3400
EM_EXP03 100% 20 C 1.5 g/s for 500 s, then 0.2 g/s ~4000
Fig. 1 e Approximate position of the selected tank
thermocouples.
Fig. 2 e Pressure and temperature profile at the tank inlet for the two filling tests.
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 0 3Simulation results
The CFD modelling strategy is based on the experience that
was accumulated in the previous validation processes [3e5].
The numerical simulations have been performed with the
commercial CFD software ANSYS CFX V14.0 [30]. The conju-
gate heat transfer model (CHT), available in CFX, has been
used in order to evaluate the thermal conduction through
solid materials coupled with the changing temperature in the
fluid.
The numerical time scheme is based on a Second Order
Backward Euler scheme. The high resolution scheme of CFX
has been selected for the advection terms. Further details on
the numerical scheme can be found in the ANSYS CFX
manual [30]. A residual convergence criterion for RMS (root
mean square) mass-momentum equations of 104 has beenPlease cite this article in press as: Melideo D, et al., CFD simulations o
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.05.applied, ensuring the attainment of convergence of results.
At the end of the fillings and at the beginning of the defueling
the gas pressure inside the tank could reach values close to
750 bar; at those pressure values the ideal gas law is not able
to describe properly the pressure and the temperature
behaviour. For that reason a real gas equation of state for the
evaluation of hydrogen properties has been used (Redlich,
Kwong [31]). In addition a modified k e ε approach [32] was
applied as turbulence model in order to reduce the jets
spreading rate over-prediction of the standardmodel [32e34].
The initial conditions for each case have been assumed to be
uniform and defined according to the experiment initial tanktemperature and pressure; in addition the ambient temper-
ature has been considered constant for the whole
simulations.
The computational model adopted for the filling and
emptying simulations is constituted of five subdomains: one
fluid part (i.e. the tank interior filled by hydrogen), the internal
metallic liner, the external composite carbon fibrewrap (CFRP)
and the two bosses at the tank ends. The material properties
have been selected according to Monde [35].
Simulations with the whole 3D geometry and with only
half of the geometry were performed. The differences be-
tween the 2 cases in the temperature histories in the gas, at
the liner-CFRP interface, and on the outer surface of the tank
are negligible, being smaller than 1 K. The time required to run
the simulations is significant e.g. in the order of weeks for the
longer emptying calculations. Considering only half of the
geometry for the simulations is an effective strategy to reducef filling and emptying of hydrogen tanks, International Journal of
262
Fig. 3 e Pressure and temperature profile at the tank inlet for the two emptying tests.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 04the computer run-time, given also the fact that the effects of
that approach on the temperature histories are negligible.
Therefore in the calculations that are described in this
investigation, the computational model represents half of the
tank using the vertical plane passing through the inlet jet axis
as symmetry plane.
Filling simulations
The comparison between CFD results and experimental data
is illustrated for both the fillings in Fig. 4; the red and the blue
colours refer to the FF_EXP01 and to the FF_EXP02 cases
respectively, while the continuous lines represent the simu-
lation results and the crosses represent the measurements.
Temperature histories in the TT3 location (representing the
gas temperature) are depicted on the left hand-side of Fig. 4,
in the TC7 position (representing the liner e CFRP tempera-
ture) in the middle and in EWT2 (representing the external
wall temperature) in the right hand-side of the figure. Those
3 sensors were selected for the comparison betweenFig. 4 e Comparison of simulation results and ex
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located in the upper region of the tank where higher tem-
perature can be expected if temperature stratification should
occur.
The good agreement between experimental data and
simulations is shown in Fig. 4 and in Table 3, where the final
temperatures and the difference DT between the simulated
and measured temperatures at the end of the filling are re-
ported at the three selected thermocouples.
For both fillings, the difference between the simulations
and the experiments are ~3 inside the tank (i.e. hydrogen
temperature), ~4 between the liner and the CFRP and less
than 1 at the external tank wall.
Comparing the two different types of filling, it is possible to
note that the temperature histories are different, mainly due
to the different inlet gas temperature history, but the final
temperatures are comparable for the sensor inside the tank
and the sensor at the liner e CFRP interface; on the other
hand, the external wall temperature time histories are similar
but shifted due to a slightly different initial wall temperature.perimental data for the two types of filling.
f filling and emptying of hydrogen tanks, International Journal of
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Table 3 e Filling test temperatures: CFD results vs.













FF_EXP01 60.38 C 55.42 C 21.49 C
FF_EXP01 CFX 63.64 C 3.26 59.49 C 4.07 21.96 C 0.47
FF_EXP02 62.56 C e 58.20 C e 23.90 C e
FF_EXP02 CFX 65.67 C 3.11 62.59 C 4.39 24.73 C 0.83
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 0 5For both cases the simulated temperatures slightly over-
estimate the experimental ones.
The temperature contours in the tank symmetry plane are
reported for the two cases at the end of the filling in Fig. 5. The
homogeneity of the gas temperature is confirmed. If we do not
consider the jet region which is colder due to the incoming
cold gas, the tank temperature rang is between 68 C and 71 C
for FF_EXP01 and it is between 70 C and 73 C for case
FF_EXP02.
The temperature contours at the interface between the
liner and the CFRP are shown in Fig. 6 for the FF_EXP01 (left
hand-side of the figure) and for the FF_EXP02 (right hand-side
of the figure). A warmer zone is observed at the opposite zone
with respect to the inlet injector as expected because the cold
incoming gas has a cooling effect on the injector side during
the whole duration of the filling.
The minimum, the average and the maximum tempera-
tures at the interface between liner and CFCR during the filling
are reported in Fig. 7: on the left hand-side the temperatures
related to the case FF_EXP01 and on the right side the ones
related to the case FF_EXP02 are shown respectively. The
trend of the average (the blue curve in the figure) and the
maximum (the red curve in the figure) temperatures are
similar for both the cases and, obviously, the maximum
curves are shifted above the average ones: at the end of the
filling the difference of the maximum and the average tem-
peratures is 3 for case FF-EXP01 and it is 2 for case FF-EXP02.
The minimum temperatures for both the simulation are
located in the regions that are affected by the inlet cold gas.
The liner and the CFRP of the tank, as explained in Para-
graph 2.0, are made of different material (i.e. aluminium and
composite carbon fibre respectively). The material properties
of the two materials are different, in particular the liner has a
higher thermal diffusivity than the CFRP; in addition the CFRP
is much thicker than the liner one. For those reasons, the
thermal behaviour inside the two types of material is
different, as reported at the end of the filling in Fig. 8 (the blueFig. 5 e Simulation results. Gas temperature contours in the tank
and 197 s for FF_EXP02.
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Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.05.curve is related to the case FF_EXP01 and the red curve is
related to the case FF_EXP02). For both cases, at the end of the
filling the liner temperatures are almost constant through
thematerial thickness due to the large thermal conductivity of
the aluminium liner.
The temperatures of the CFRP decrease from 59.85 C for
case FF-EXP01 and from 62.56 C for case FF-EXP02 in the gas,
to 21.85 C for case FF_EXP01 and from 24.76 C for case
FF_EXP02 at the external wall, as reported in Table 4. It means
that the CFRP DT at the end of the filling is almost 38 for both
fillings.Emptying simulations
The comparison between the CFD results and the experi-
mental data are reported in Fig. 9; the yellow and the green
colours refer to the EM_EXP01 and to the EM_EXP03 cases
respectively, while the continuous lines represent the simu-
lations and the crosses represent the experiments. Tempera-
ture histories in the TT1 location (representing the gas
temperature) are depicted on the left hand-side of Fig. 9, in the
TC27 position (representing the liner e CFRP temperature) in
the middle and in EWT5 (representing the external wall tem-
perature) in the right hand-side of the figure.
A faster de-pressurization generates a larger drop in the
gas temperature as depicted in Fig. 9 for the first 500 s in the
EM-EXP03 case. During the emptying the pressure decrease
inside the vessel causes a decrease of the gas temperature
while the heat transfer from the environment to the tank
tends to produce the opposite effect. The two effects are
competing against each other for the whole duration of the
process and the de-pressurization effect is dominant for
most of the emptying. Towards the end of the emptying the
rate of the pressure decrease becomes very slow as illustrated
in Fig. 3 and the heat transfer effect prevails on the de-
pressurization effect, producing an increase of the gas tem-
perature. The temperatures of the gas and of the surface
between the liner and the CFRP start to increase after 3000 s
for the case EM-EXP01 and after 2000 s for case EM-EXP03.
The good agreement between experimental data and
simulations is shown in Fig. 9 and in Table 5, where the final
temperatures at the end of the filling are reported for the
fillings at the three selected thermocouples. It must be
emphasized that the largest difference between experiments
and simulations occurs at the end of the process. The differ-
ence between the simulated and the measured temperaturessymmetry plane at the end of the filling: 191 s for FF_EXP01
f filling and emptying of hydrogen tanks, International Journal of
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Fig. 6 e Simulation results. Temperature contours at the interface between liner and CFRP at the end of the filling: 191 s for
FF_EXP01 and 197 s for FF_EXP02. The inlet is on the left hand-side.
Fig. 7 e Simulation results. Minimum, average and maximum and average temperatures at the interface between liner and
CFRP for the two type of filling.
Fig. 8 e Simulation results. Temperature inside the
material at the end of the filling for the two fillings.
Table 4 e Simulation results. CFRP wall temperatures:
comparison between the two fillings.
FF_EXP01 FF_EXP02
Liner-CFRP T [C] 59.85 62.56
External wall T [C] 21.85 24.76
DT 38.00 37.80
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 06is between 2.9 and 5.9 for both the cases. Some of the
possible reasons for the increasing discrepancy with time
between experiments and simulations can be identified in thePlease cite this article in press as: Melideo D, et al., CFD simulations o
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.05.uncertainties in the assumptions related to the material
properties. Although it is known that the thermal properties
are dependent on the temperature, it was not possible to find
the exact temperature dependency for the specific materials
in the available scientific and technical literature. Therefore
constant material properties were assumed and their value
was found in Monde's paper [35]. Another source of uncer-
tainty is related to the heat transfer coefficient HTC on the
external surface of the tank (6W/m2 K). Any inaccuracy in the
material properties and in the HTC will have a cumulative
effect that grows with time.
The temperature contours in the tank symmetry plan are
reported at the time when the gas temperature reaches its
minimum value (i.e. 3000 s and 2000 s for EM-EXP01 and EM-
EXP03 respectively) in Fig. 10. In both cases, stratificationf filling and emptying of hydrogen tanks, International Journal of
262
Fig. 9 e Comparison of simulation results and experimental data for the two types of emptying.
Table 5 e Emptying test temperatures: CFD results vs.













EM-EXP01 18.82 13.50 8.40
EM-EXP01 CFX 14.13 4.69 10.52 2.98 5.11 3.29
EM-EXP03 13.51 9.04 5.91
EM-EXP03 CFX 7.58 5.93 6.14 2.90 1.64 4.24
Fig. 10 e Simulation results. Temperature contours at the tank symmetry plane.
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 0 7occurs with higher temperatures at the top regions of the tank
and lower temperatures at the bottom. For the selected ex-
periments, emptying is a much slower phenomenon than
filling. Due to the low gas velocity inside the vessel during the
emptying, the buoyancy becomes more relevant than during
the filling. The heat transfer from the environment to the tank
warms up the gas in contact with the tank inner walls and the
heated gas tends to move upwards because of buoyancy,
producing a stratified temperature field. For both simulations
the difference between the upper and the lower part of the
tank is around 12. The liner and CFRP temperatures are
higher than the gas temperature. In Fig. 10 on the bottom
surface of the cylinder the gas that is heated by the heat
transfer from the liner is moving upwards, forming elongated
and in some cases convoluted shapes in the lower regions of
the tank.
The temperature contours at the interface between the
liner and the CFRP are described in Fig. 11 for the EM-EXP01
(left hand-side of the figure) and for the EM-EXP02 (rightPlease cite this article in press as: Melideo D, et al., CFD simulations o
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.05.hand-side of the figure). Due to the stratification phenomena
occurring in the gas, the upper part is hotter than the lower
part.
The minimum, the average and the maximum tempera-
ture time history at the interface between liner and CFRP for
case EM-EXP01 and for case EM-EXP03 are reported on the left
and on the right side of Fig. 12 respectively. For case EM-EXP03,
the difference between the minimum and the maximumtemperature is larger at 500 s, when the gas mass flow is 1.5 g/
s (i.e. ~ 12), while, at the end it is ~3.
The temperatures across the materials at the lower part of
the tank are reported in Fig. 13.
For both the cases at the end of the emptying the temper-
ature inside the liner is almost constant and it is influenced by
the gas temperature; inside the CFRP the two temperatures
have similar profiles (i.e. the DT is 8.28 for EM-EXP01 and
10.21 for case EM-EXP03) and the EM-EXP01 external wall
CFRP temperature is larger than the EM-EXP03 one, as re-
ported in Table 6.Conclusions
The main objective of this paper was to describe the CFD
benchmark exercises that were performed in the HyTransfer
Project to assess the accuracy of the CFD model in describing
filling and emptying of a 40 L tank, type 3.f filling and emptying of hydrogen tanks, International Journal of
262
Fig. 11 e Simulation results. Temperature contours at the interface between liner and CFRP.
Fig. 12 e Simulation results. Minimum, average andmaximum temperatures at the interface between liner and CFRP for the
two emptying.
Fig. 13 e Simulation results. Temperature inside the
materials at the end of the filling for the two emptying.
Table 6 e Simulation results. CFRP wall temperatures:
comparison between the two emptying.
EM-EXP01 EM-EXP03
External wall T [C] 14.07 4.34
Liner-CFRP T [C] 3.68 6.45
DT 10.39 10.79
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 08Two filling experiments have been taken into account in
the paper with a starting internal tank pressure of 20 bar and
an initial gas and material temperature of 20 C; the inletPlease cite this article in press as: Melideo D, et al., CFD simulations o
Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydene.2016.05.hydrogen mass flow rate is the same for both cases (i.e. 8 g/s),
but the nominal inlet gas temperature is 20 C for one case
and 0 C for 75 s of filling, and then 40 C for the other case.
For both fillings, due to the short time of the filling itself (i.e.
less than 200 s), the gas temperature inside the tank is quite
homogeneous; even if the two fillings have a different pre-
cooling processes, the final gas temperature differs by only
few degrees.
Two emptying experiments with a 100% initial state of
charge (SOC) and with initial gas and material temperature of
20 C were considered; the difference between the two
emptying experiments is the nominal mass flow rate of the
gas coming out from the tank: for one case it is constant and
equal to 0.376 g/s, for the other case it is 1.5 g/s for 500 s, and
then 0.2 g/s until the end of the emptying. In both cases,f filling and emptying of hydrogen tanks, International Journal of
262
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 0 9temperature stratification occurs with higher temperatures at
the top regions of the tank and lower temperatures at the
bottom.
The comparison between the simulation and the experi-
mental data for the temperature histories shows good agree-
ment. For the filling cases, the difference between the
measurements and the simulation results at the end of the
process is about 3 C for the gas temperature, it is just above
4 C for the temperature at the interface between the liner and
the CFRP layer, it is less than 1 C for the temperature on the
external surface of the cylindrical part on the tank walls. For
the emptying cases, the difference between the experimental
data and the calculated values at the end of the process is
about 5e6 C for the gas temperature, it is less than 3 C for
the temperature at the interface between the liner and the
CFRP layer, it is about 3e4 C for the temperature on the
external surface of the cylindrical part on the tankwalls. Since
the simulation results are in a satisfactory agreementwith the
measurements, the computed temperature distributions were
analysed to investigate the hottest regions in the filling and
the coldest regions in the emptying where the temperatures
could potentially exceed the design temperature range.
In the filling simulations the gas temperature distribution
is uniform. At the interface between the liner and the com-
posite layer, during the filling the region closer to the jet in-
jection is colder compared to the other regions, due to the
cooling effect of the incoming jet. Because of that effect, the
maximum temperature difference between the coldest region
and the hottest region at the interface reaches about 30 C.
During the emptying the gas temperature stratification
affects significantly the temperature distribution in the ma-
terial. At the interface between the liner and the composite
layer, the maximum temperature difference between the
coldest region and the hottest region at the interface reaches
about 5 C with a constant flow rate of 0.376 g/s while it rea-
ches about 12 Cwith a flow rate of 1.5 g/s in the first 500 s and
then 1.5 g/s for the remaining time.
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